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A b s t r a c t  

The s o f t w a r e  p a c k a g e ,  N u m e r i c a l  A r c  Segmenta- 
t i o n  A l g o r i t h m  for a R a d i o  C o n f e r e n c e  (NASARC). 
has been d e v e l o p e d  t o  p r o v i d e  a me thod  o f  g e n e r -  
a t i n g  p r e d e t e r m i n e d  a r c  segments for  use  i n  t h e  
d e v e l o p m e n t  o f  a n  a l l o t m e n t  p l a n n i n g  p r o c e d u r e  t o  
be c a r r i e d  o u t  a t  t h e  1988 W o r l d  A d m i n i s t r a t i v e  
R a d i o  C o n f e r e n c e  (WARC - 8 8 )  on t h e  Use o f  t h e  
G e o s t a t i o n a r y  - S a t e l l i t e  O r b i t  and  t h e  P l a n n i n g  
o f  Space S e r v i c e s  U t i l i z i n g  I t .  Through  c a r e f u l  
s e l e c t i o n  o f  t h e  p r e d e t e r m i n e d  a r c  (PDA) f o r  each  
a d m i n i s t r a t i o n ,  f l e x i b i l i t y  c a n  b e  i n c r e a s e d  i n  
t e r m s  o f  c h o i c e  of s y s t e m  t e c h n i c a l  c h a r a c t e r -  
i s t i c s  and s p e c i f i c  o r b i t  l o c a t i o n  w h i l e  r e d u c i n g  
t h e  need for  c o o r d i n a t i o n  among a d m i n i s t r a t i o n s .  
The NASARC s o f t w a r e  d e t e r m i n e s  p a i r w i s e  c o m p a t i -  
b i l i t y  b e t w e e n  a l l  p o s s i b l e  s e r v i c e  a r e a s  a t  
d i s c r e t e  a r c  l o c a t i o n s .  NASARC t h e n  e x h a u s t i v e l y  
enumera tes  g r o u p s  of a d m i n i s t r a t i o n s  whose s a t e l -  
l i t e s  can be c l o s e l y  l o c a t e d  i n  o r b i t ,  and f i n d s  
t h e  a r c  segment  o v e r  w h i c h  e a c h  s u c h  c o m p a t i b l e  
g r o u p  e x i s t s .  From t h e  s e t  o f  a l l  p o s s i b l e  com- 
p a t i b l e  g r o u p i n g s ,  g r o u p s  a n d  t h e i r  a s s o c i a t e d  
a r c  segments a r e  s e l e c t e d  u s i n g  a h e u r i s t i c  p r o -  
c e d u r e  s u c h  t h a t  a PDA i s  i d e n t i f i e d  for e a c h  
a d m i n i s t r a t i o n .  T h i s  p a p e r  d i s c u s s e s  t h e  v a r i o u s  
a s p e c t s  o f  t h e  NASARC ( V e r s i o n  2.0) c o n c e p t  a n d  
how t h e  s o f t w a r e  a c c o m p l i s h e s  s p e c i f i c  f e a t u r e s  
o f  a l l o t m e n t  p l a n n i n g .  

-- 

1 . 0  I n t r o d u c t i o n  -__-__ 

I n  1985.  t h e  f i r s t  of a two s e s s i o n  "World 
A d m i n i s t r a t i v e  R a d i o  C o n f e r e n c e  on t h e  Use of t h e  
G e o s t a t i o n a r y  - S a t e l l i t e  O r b i t  and  t h e  P l a n n i n g  
o f  Space S e r v i c e s  U t i l i z i n g  I t "  (NARC-85) was 
h e l d  i n  Geneva, S w i t z e r l a n d .  P a r t  o f  t h e  o v e r a l l  
o b j e c t i v e  of t h e  C o n f e r e n c e  i s  t o  " g u a r a n t e e  i n  
p r a c t i c e  for a l l  c o u n t r i e s  e q u i t a b l e  a c c e s s  t o  
t h e  q e o s t a t i o n a r y  s a t e l l i t e  o r b i t  a n d  t h e  f r e -  
q u e n c i  bands  a l l o c a t e d  to space s e r v i c e s " .  1 
W4RC-88 i s  t o  a c c o m p l i s h  t h i s ,  i n  p a r t ,  t h r o u g h  
t h e  d e v e l o p m e n t  of a n  a l l o t m e n t  p l a n .  A t  l e a s t  
one a l l o t m e n t  i n  t h e  p l a n  i s  t o  be p r o v i d e d  t o  
each I T U  member. Each a l l o t m e n t  i s  t o  c o n s i s t  o f :  

- a n  o r b i t a l  p o s i t i o n  w i t h i n  a p r e d e t e r m i n e d  

- c o v e r a g e  to a s p e c i f i e d  s e r v i c e  a r e a  for 

a r c  

d o m e s t i c  s e r v i c e s  

,. - 8 0 0  MHz b a n d w i d t h  i n  t h e  C a n d  Ku b a n d  
e x p a n s i o n  f r e q u e n c i e s  g i v e n  a s :  

4500  t o  4800  MHz a n d  300 MHz t o  be s e l e c t e d  
i n  t h e  band 6425 t o  7075  MHz 

I n  r e s p o n s e  t o  t h e  d e c i s i o n s  o f  WARC-85 
r e g a r d i n g  a l l o t m e n t  p l a n n i n g  for  t h e  F i x e d  S a t e l -  
l i t e  S e r v i c e ,  t h e  N u m e r i c a l  A r c  S e g m e n t a t i o n  
A l g o r i t h m  fo r  a R a d i o  C o n f e r e n c e  (NASARC) 
s o f t w a r e  package  has b e e n  d e v e l o p e d  for t h e  
p u r p o s e  o f  i d e n t i f y i n g  a n d  s e l e c t i n g  p r e d e t e r -  
m ined  a r c s  (PDA 's )  f o r  u s e  b y  e a c h  a d m i n i s t r a t i o n  
i n  an a l l o t m e n t  p l a n .  An o v e r v i e w  o f  t h e  s o f t -  
ware and  i t s  r e l a t e d  p l a n n i n g  c o n c e p t s  i s  g i v e n  
i n  R e f e r e n c e  2 .  

The NASARC s o f t w a r e  f i r s t  d e t e r m i n e s  a n  
e x h a u s t i v e  l i s t  o f  c o m p a t i b l e  g r o u p s  of s a t e l -  
l i t e s  p r o v i d i n g  c o v e r a g e  t o  c o r r e s p o n d i n g  s e r v i c e  
a r e a s ,  and  a n  a r c  segment  o v e r  w h i c h  e a c h  g r o u p  
may e x i s t .  Each c o m p a t i b l e  g r o u p  c o n s i s t s  of 
s e v e r a l  s e r v i c e  a r e a s  t h a t  a r e  s u f f i c i e n t l y  
s e p a r a t e d  g e o g r a p h i c a l l y  so t h a t  c o - l o c a t i o n  or  
n e a r  c o - l o c a t i o n  of  t h e i r  c o r r e s p o n d i n g  s a t e l -  
l i t e s  w i l l  r e s u l t  i n  a c h i e v i n g  a s p e c i f i e d  

The c a r r i e r - t o - i n t e r f e r e n c e  ( C / I )  r a t i o .  
d o w n l i n k  s i n g l e - e n t r y  c a r r i e r - t o - i n t e r f e r e n c e  
r a t i o s  a r e  c a l c u l a t e d  a t  a n  o r b i t a l  s e p a r a t i o n  
e q u a l  t o  a u s e r  s u p p l i e d  g r o u p i n g  c r i t e r i o n  for 
a l l  p o s s i b l e  p a i r s  o f  s y s t e m s  a t  d i s c r e t e  a r c  
l o c a t i o n s .  The c a l c u l a t e d  v a l u e s  a r e  compared 
a g a i n s t  a t a r g e t  C I I  t o  d e t e r m i n e  c o m p a t i b i l i t y  
be tween  s e r v i c e  a r e a  s a t e l l i t e s .  Groups  of 
c o m p a t i b l e  s a t e l l i t e s  a r e  e n u m e r a t e d ,  where  each  
member o f  a g i v e n  g r o u p  i s  c o m p a t i b l e  w i t h  e v e r y  
o t h e r  member i n  t h e  same g r o u p .  The b o u n d a r i e s  
o f  t h e  a r c  segment  o v e r  w h i c h  each  c o m p a t i b l e  
g r o u p  may e x i s t  a r e  i d e n t i f i e d .  

U s i n g  a h e u r i s t i c  p r o c e d u r e ,  a p p r o p r i a t e  
g r o u p s  a r e  t h e n  s e l e c t e d  from a l i s t  o f  a l l  
c o m p a t i b l e  g r o u p s  and  t h e i r  r e s p e c t i v e  a r c  
segmen ts ,  and each  i s  g i v e n  a PDA w i t h i n  i t s  
c o r r e s p o n d i n g  a r c  segmen t .  Members o f  t h e  same 
g r o u p  s h a r e  a common PDA w i t h  a l l  o t h e r  members 
o f  t h e  g r o u p .  G i v e n  s u i t a b l e  i n p u t  p a r a m e t e r s .  
t h e  f i n a l  r e s u l t  o f  t h e  NASARC p r o c e s s  i s  a 
l i s t i n g  o f  t h e  g r o u p s  w h i c h  c o n t a i n  a l l  o f  t h e  
s e r v i c e  a r e a s  r e p r e s e n t e d  i n  t h e  i n p u t  s c e n a r i o  
and t h e  b o u n d a r i e s  o f  t h e  u n i q u e  p r e d e t e r m i n e d  
a r c  segments a s s o c i a t e d  w i t h  t h e  members o f  t h o s e  
g r o u p s .  Each s e r v i c e  a r e a  may t h e n  b e  s e r v e d  
from a n y  o n e  o f  a number o f  p o s s i b l e  o r b i t a l  
p o s i t i o n s  w i t h i n  i t s  PDA. F u r t h e r m o r e ,  because  
c o m p a t i b i l i t y  b e t w e e n  a l l o t t e d  g r o u p  members has  
been  a s s e s s e d  b y  t h e  NASARC s o f t w a r e ,  m i n i m a l  
c o o r d i n a t i o n  i s  r e q u i r e d  b e t w e e n  g r o u p  members.  
F i g u r e  1 i l l u s t r a t e s  b y  examp le  t h r e e  f e a t u r e s  of 
t h e  NASARC c o n c e p t  for  g e n s r a t i n g  p r e d e t e r m i n e d  
a r c s ;  PDA's may h a v e  d i f f e r e n t  s i z e s ,  d i f f e r e n t  
a l l o t t e d  a r c  segments may h a v e  d i f f e r e n t  numbers 
o f  s a t e l l i t e s  g r o u p e d  w i t h i n  them, and  t h e  
d e n s i t y  o f  s a t e l l i t e s  p e r  d e g r e e  o f  o r b i t  may 
vary.  

and  The s u b s e q u e n t  s e c t i o n s  o f  t h i s  p a p e r  p r e s e P t  
10.70 t o  1 0 . 9 5  GHZ,  11 .20  t o  1 1 . 4 5  GHz, a n d  a d e s c r i p t i o n  of t h e  f e a t u r e s  of t h e  NASARC 
1 2 . 7 5  t o  1 3 . 2 5  GHz. 



(Version 2.0) software package and detailed 
information about the function of each of the 
four NASARC program modules. Finally, the 
results of an example world scenario are pre- 
sented and discussed. 

2.0 Features Lf the NASARC Software 

The purpose of the NASARC software package is 
to generate a list of compatible groupings of 
servi:e areas and associated arc segments and to 
select predetermined arcs for these service areas 
that will satisfy the requirements of an allot- 
ment plan. A service area may consist of the 
politicallgeographical boundaries of a single 
administration or the combined boundaries of a 
group of administrations which are geographically 
adjacent. Through careful selection of predeter- 
mined arcs, each administration will have flexi- 
bility in choosing satellite system technical 
parameters as well as flexibility in positioning 
a satellite within its predetermined arc limits. 
Additionally, the PDA's generated by the NASARC 
software package limit the need for coordination 
among administrations in a group due to the 
inherent compatibility within the shared pre- 
determined arc. 

The NASARC software package performs 
compatibility calculations for each pair of 
satellites/service areas under certain technical 
assumptions. The determination of compatibility 
assumes constant power flux density (PFD) at the 
edge of the minimum area ellipse covering each 
service area. Calculations are perfcrmed under 
clear s k y  c m d i  tlons ui t h  homoqenewis antenna 
pattevns using a uniform singlp entry carrier- 
to-:nterference ratio. Certain & e, features of 
the NASARC software package alle,,, thp'? baseline 
assumptions to be overridden, some on a service 
area by service area basis. An inhomogeneity 
factor may be used for each service area to 
override the constant power flux density assump- 
tion. Rain attenuation data can be included by 
utilizing a different inhomogeneity factor to 
override the clear sky assumption. Both satel- 
lite and earth terminal antennas can be indi- 
vidually specified for each service area to 
override the homogeneous antenna pattern assump- 
tion. The minimum ellipse assumption implies 
fairly simple satellite antenna technology. This 
assumption can be overridden either globally or 
on an individual service area basis by using fast 
roll-off satel 1 i te antennas to approximate shaped 
beam antennas. 

These features also provide a means for hand- 
ling two specific planning problems: existing 
systems and affiliated sets of service areas. 
Existing systems in the frequency bands being 
planned could be accommodated in at least two 
different ways. Such systems could be given the 
orbit location for which they had filed as an 
assignment with sufficient orbital guard zones to 
provide interference isolation; or, they could be 
given that specific orbit location within a PDA 
containing group members that are compatible with 
the existing system. Existing systems whose 
orbital locations are not fixed can be accommo- 
dated in the same manner as any other administra- 
tion. In general, existing systems will have 
technical characteristics which may differ from 
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the standardized technical parameters used in the 
planning process. To accommodate this, different 
antenna characteristics and inhomogeneity factors 
can be utilized for each existing system. 

Another feature of the software allows admin- 
istrations to illuminate several affiliated, but 
geographically separated, service areas from a 
single satellite location within the administra- 
tion's predetermined arc. An affiliated set of 
service areas could consist of a single adminis- 
tration and its dispersed territories or could 
represent a subregional group of nonadjacent 
service areas. The affiliated set feature can 
also be used to simulate a multiple beam system 
as exemplified by one of the global coverage 
existing systems. This feature along with those 
previously mentioned will be described further in 
the following sections. 

2 . 1  System Inhomogeneity Factor 

The principal applications for the system 
inhomogeneity factor are overriding the constant 
power flux density assumption and representing 
existing systems. As previously described, 
NASARC assumes homogeneous systems and constant 
power flux density at the edge of the minimum 
area ellipse covering each service area. 
Although these assumptions are reasonable for 
planning purposes, it may be desirable to intro- 
duce some degree of inhomogeneity into the plan- 
ning process. The primary reason that planning 
has commonly been performed with a homogeneous 
set of parameters is that it is difficult to 
assess the specific parameter values to associate 
with each satellite system before the intended 
purpose of the system has been identified. This 
is especially true of the varied systems in the 
Fixed Satellite Service. Different signal types 
may require different levels of interference pro- 
tection. However, without specific knowledge of  
the levels required for each system, results 
obtained from randomly introduced inhomogeneities 
could be misleading. Hence, in general, it is 
desirable to conduct planning with the assumption 
of homogeneous systems. 

Planners may wish to override the constant 
PFD assumption in order to investigate the 
effects of constant satellite transmitter power 
among satellites in a given scenario. The method 
of handling inhomogeneities which has been incor- 
porated in the NASARC software involves modifying 
the threshold C/I requirement (i.e.. the homoge- 
neous single-entry protection level) by inhomoge- 
neity factors related to the wanted and inter- 
fering systems. The modified CII level becomes 
the target C/I level used in the determination of 
pairwise compatibility in the NASP.RC software 
package. 

The simulation of constant satellite trans- 
mitter power for all systems in a given scenario 
can be accomplished by calculating an inhomoge- 
neity factor associated with each service area. 
This factor would represent the difference 
between the actual transmitter power in decibels 
(dB)  and some user-defined reference power. For 
example, the reference power level could be the 
lowest satellite power level required by any 
satel 1 i te in a scenario. The inhomogeneity 

. 



f a c t o r  a s s o c i a t e d  w i t h  t h i s  s e r v i c e  a r e a  w o u l d  be 
0 .0  dB, w h i l e  a l l  o t h e r  s e r v i c e  a r e a s  w o u l d  h a v e  
i n h o m o g e n e i t y  f a c t o r s  r e p r e s e n t i n g  t h e  d i f f e r e n c e  
be tween  t h e i r  r e q u i r e d  s a t e l l i t e  power and  t h i s  
r e f e r e n c e  power l e v e l .  

The i n h o m o g e n e i t y  o p t i o n  c a n  a l s o  be used  t o  
s i m u l a t e  t h e  d i f f e r e n c e s  be tween  a n  e x i s t i n g  
s y s t e m ' s  power or PFD l e v e l  and t h e  homogeneous 
v a l u e s  u s e d  b y  t h e  o t h e r  sys tems  i n  t h e  scena-  
r i o .  By u t i l i z i n g  t h e  i n h o m o g e n e i t y  f a c t o r  and  
o t h e r  NASARC f e a t u r e s  d i s c u s s e d  h e r e i n ,  e x i s t i n g  
sys tems  c a n  be mode led  i n  a r e a l i s t i c  f a s h i o n  for 
p l a n n i n g  p u r p o s e s .  

2 . 2  R a i n  A t t e n u a t i o n  

I n  a d d i t i o n  t o  t h e  g e n e r a l  i n h o m o g e n e i t y  
f a c t o r ,  t h e r e  i s  a s p e c i f i c  i n h o m o g e n e i t y  f a c t o r  
w h i c h  c a n  be u s e d  t o  t a k e  i n t o  a c c o u n t  r a i n  
a t t e n u a t i o n  e f f e c t s  i n  d e t e r m i n i n g  p a i r w i s e  
c o m p a t i b i l i t y .  Use o f  t h i s  opt ion o v e r r i d e s  t h e  
c l e a r  s k y  a s s u m p t i o n  i n  t h e  NASARC s o f t w a r e  pack -  
a g e .  R a i n  a t t e n u a t i o n  d a t a  f o r  e a c h  s e r v i c e  a r e a  
a t  e v e r y  t e s t  p o i n t  f o r  e a c h  d i s c r e t e  a r c  l o c a -  
t i o n  i s  g i v e n  i n  t h e  p r e c a l c u l a t e d  e l l i p s e  d a t a  
f i l e .  I n  a f i l e  i n p u t  t o  NASARC, a t t e n u a t i o n  
d a t a  i s  i n c l u d e d  f o r  t h e  e x p a n s i o n  f r e q u e n c i e s  
a r o u n d  b o t h  C band and Ku band  based  o n  a n  a n n u a l  
p e r c e n t  o u t a g s  r a t e  o f  0 . 0 1  u s i n g  t h e  CCIR r a i n  
m o d e l .  Based o n  t h e  f r e q u e n c y  chosen  f o r  t h e  
s c e n a r i o  i n  q u e s t i o n ,  t h e  l a r g e s t  or w o r s t - c a s e  
a t t e n u a t i o n  v a l u e  i s  chosen  from a l l  o f  t h e  t e s t  
2 o i n t ;  o f  a g i v e n  s e r v i c e  a r e a  a t  t h e  a p p r o p r i a t e  
a r c  l o c a t i o n .  T h i s  v a l u e  i s  t h e n  a d j u s t e d  t o  
: o r r e s p o n d  t o  a n n u a l  p e r c e n t  o u t a g e  r a t e s  o f  0 . 0 5  
fo r  C-band and 0.10 fo r  Ku-band,  w h i c h  a r e  t h e  
v a l u e s  s u g g e s t e d  b y  t h e  I n t e r n a t i o n a l  F r e q u e n c y  
R e g i s t r a t i o n  B o a r d  ( I F R B ) .  A l t h o u g h  t h e  a t t e n u -  
a t i o n  v a l u e s  g i v e n  i n  t h e  e l l i p s e  d a t a  f i l e  can  
be q u i t e  l a r g e ,  t h e  s o f t w a r e  l i m i t s  t h e  a t t e n u -  
a t i o n  v a l u e  t o  a maximum o f  10 dB as  u s e d  b y  t h e  
IFRB i n  t h e i r  p l a n n i n g  e x e r c i s e s .  T h i s  l i m i t -  
i n g  v a l u e  can  be changed  i f  n e c e s s a r y .  The 
a t t e n u a t i o n  v a l u e  i s  t h e n  u s e d  as  an inhomo- 
g e n e i t y  f a c t o r  i n  t h e  p a i r w i s e  c m p a t i b i l i t y  
c a l c u l a t i o n s .  

The r a i n  a t t e n u a t i o n  i n h o m o g e n e i t y  f a c t o r  may 
be used  e i t h e r  i n  a d d i t i o n  to t h e  g e n e r a l  inhomo- 
g e n e i t y  f a c t o r  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  
or by  i t s e l f  t o  examine  t h e  e f f e c t s  o f  r a i n  
a t t e n u a t i o n  o n  t h e  c l e a r  s k y  a n a l y s i s  o f  homoge- 
neous s y s t e m s .  A d d i t i o n a l l y ,  s i n c e  t h i s  opt ion 
can  be u t i l i z e d  w i t h  or w i t h o u t  t h e  g e n e r a l  
i n h o m o g e n e i t y  f a c t o r s ,  s e v e r a l  c o m b i n a t i o n s  o f  
t e c h n i c a l  a s s u m p t i o n s  c a n  be i n v e s t i g a t e d  t o  
o b s e r v e  t h e i r  v a r y i n g  e f f e c t s  o n  t h e  p r e d e t e r -  
m ined  a r c s  f o u n d  b y  NASARC. 

2 . 3  S p e c i f i c a t i o n  o f  I n d i v i d u a l  A n t e n n a  
P a r a m e t e r s  

A n o t h e r  f e a t u r e  a v a i l a b l e  i n  t h e  NASARC s o f t -  
ware package  i s  t h e  o p t i o n a l  s p e c i f i c a t i o n  o f  
i n d i v i d u a l  a n t e n n a  p a r a m e t e r s  f o r  each  s e r v i c e  
a r e a .  T h i s  f e a t u r e  a l l o w s  t h e  s p e c i f i c a t i o n  o f  
d i f f e r e n t  e a r t h  s t a t i o n  a n d / o r  s a t e l l i t e  a n t e n n a  
t y p e s  and  p a r a m e t e r s  f o r  a n y  or  a l l  o f  t h e  s e r -  
v i c e  a r e a s  for a g i v e n  s c e n a r i o .  T h e r e  a r e  two 
t y p e s  o f  e a r t h  s t a t i o n  a n t e n n a  p a t t e r n s  and  n i n e  
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t y p e s  o f  s a t e l l i t e  a n t e n n a  p a t t e r n s  p r o v i d e d  i n  
NASARC ( V e r s i o n  2 . 0 ) .  The e a r t h  s t a t i o n  p a t t e r n s  
d i f f e r  on ly  i n  t h e i r  s i d e l o b e  l e v e l s ,  o n e  h a v i n g  
a s i d e l o b e  e n v e l o p e  o f  3 2 - 2 5 l o g v  and  t h e  o t h e r  
h a v i n g  a s i d e l o b e  e n v e l o p e  o f  29-251ogvP,  where 'p 

i s  t h e  a n t e n n a  o f f - a x i s  a n g l e  i n  d e g r e e s .  I n  
a d d i t i o n  t o  t h e  t y p e  o f  e a r t h  s t a t i o n  a n t e n n a ,  
b o t h  t h e  e a r t h  s t a t i o n  a n t e n n a  d i a m e t e r  and e f f i -  
c i e n c y  can  be s p e c i f i e d  f o r  e a c h  s e r v i c e  a r e a .  

O f  t h e  n i n e  s a t e l  1 i t e  a n t e n n a  t y p e s  a v a i  l a b l e  
i n  NASARC, t h r e e  a r e  s t a n d a r d  r o l l o f f  a n t e n n a s ,  
two a r e  based  o n  p u r e l y  e m p i r i c a l  f o r m u l a s ,  and  
f o u r  a r e  f a s t  r o l l o f f  a n t e n n a s .  A f a s t  r o l l o f f  
a n t e n n a  i s  one  i n  w h i c h  t h e  g a i n  f r o m  t h e  edge o f  
t h e  min imum a r e a  e l l i p s e  c o v e r i n g  t h e  s e r v i c e  
a r e a  d e c l i n e s  a t  t h e  same r a t e  as  t h a t  o f  an 
a n t e n n a  h a v i n g  t h e  min imum h a l f - p o w e r  beamwid th  
(HPBW). Such an a n t e n n a  p a t t e r n  c a n  be used  t o  
a p p r o x i m a t e  a shaped beam a n t e n n a  where  t h e  i n d i -  
v i d u a l  b e a m l e t s  a r e  t h e  same s i z e  as  t h e  min imum 
HPBW. The minimum HPBW i s  s p e c i f i e d  b y  t h e  u s e r  
as  a g l o b a l  p a r a m e t e r  = o r  a g i v e n  s c e n a r i o .  Some 
o f  t h e  s a t e l l i t e  a n t e n n a  p a t t e r n s  r e q u i r e  a d d i -  
t i o n a l  p a r a m e t e r s  w h i c h  c a n  be s p e c i f i e d  o n  a n  
i n d i v i d u a l  s e r v i c e  a r e a  b a s i s .  S a t e l l i t e  a n t e n n a  
O f f i c i e n c y  may a l s o  be s p e c i f i e d  o n  a n  i n d i v i d u a l  
s e r v i c e  a r e a  b a s i s .  

The i n d i v i d u a l  a n t e n n a  o p t i o n s  a r e  p a r t i c u -  
l a r l y  u s e f u l  i n  a t t e m p t i n g  t o  a c c u r a t e l y  model  
e x i s t i n g  s y s t e m s .  These s y s t e m s  may h a v e  d i f f e r -  
e n t  e a r t h  s t a t i o n  a n t e n n a  d i a m e t e r s  t h a n  t h o s e  
used  fo r  p l a n n i n g  p u r p o s e s  w h i c h  c a n  be t a k e n  
i n t o  a c c o u n t  w i t h  t h e  i n d i v i d u a l l y  s p e c i f i e d  
e a r t h  s t a t i o n  a n t e n n a  o p t i o n .  A d d i t i o n a l l y ,  t h e  
s a t e l  l i t e  a n t e n n a  p a t t e r n  o f  each  e x i s t i n g  s j s t e m  
t a n  be a p p r o x i m a t e d  b y  c h o o s i n g  t h e  p a t t e r n  w h i c h  
m o s t  c l o s e l y  ma tches  t h e  a c t u a l  p a t t e r n  o f  t h e  
s y s t e m  i n  q u e s t i o n .  

2 . 4  A f f i l i a t e d  S e t s  o f  S e r v i c e  A r e a s  

Some a d m i n i s t r a t i o n s  may w i s h  t o  i l l u m i n a t e  
s e v e r a l  a f f i l i a t e d  b u t  g e o g r a p h i c a l l y  s e p a r a t e d  
s e r v i c e  a r e a s  f rom a s i n g l e  o r b i t a l  l o c a t i o n  
w i t h i n  t h a t  a d m i n i s t r a t i o n ' s  PDA. Thus,  t h i s  
a f f i l i a t e d  s e t  o f  s e r v i c e  a r e a s  w o u l d  be d e f i n e d  
b y  a number o f  n o n - a d j a c e n t  s e r v i c e  a r e a s  t o  be 
s e r v e d  from t h e  same s a t e l l i t e .  T h e r e  a r e  sev-  
e r a l  p o s s i b l e  a p p l i c a t i o n s  f o r  t h i s  o p t i o n .  F o r  
examp le ,  t h e  a f f i l i a t e d  s e t  o p t i o n  c o u l d  be used  
t o  accommodate a s i n g l e  a d m i n i s t r a t i o n  and  i t s  
d i s p e r s e d  t e r r i t o r i e s .  S i m i l a r l y ,  t h e  a f f i l i a t e d  
s e t  o p t i o n  c o u l d  be u s e d  f o r  t h e  c a s e  o f  n o n a d j a -  
c e n t  a d m i n i s t r a t i o n s  w i s h i n g  t o  comb ine  t h e i r  
r e q u i r e m e n t s  i n t o  a s u b r e g i o n a l  g r o u p i n g .  A d j a -  
c e n t  a d m i n i s t r a t i o n s  i n  a s u b r e g i o n a l  g r o u p i n g  
w o u l d  s imply be r e g a r d e d  as a s i n g l e  comb ined  
s e r v i c e  a r e a  w h i c h  w o u l d  be t r e a t e d  l i k e  a n y  
o t h e r  s e r v i c e  a r e a  i n  t h e  NASARC p r o c e s s .  S e r -  
v i c e  a r e a s  w i t h i n  a n  a f f i l i a t e d  s e t  a r e  assumed 
t o  be c o m p a t i b l e  w i t h  e a c h  o t h e r .  I n  t h e  a f o r e -  
m e n t i o n e d  c a s e s ,  t h e  a f f i l i a t e d  s e t  i s  c o m p r i s e d  
o f  n o n - a d j a c e n t  ( i . e . ,  g e o g r a p h i c a l l y  s e p a r a t e d )  
s e r v i c e  a r e a s .  A n o t h e r  p o t e n t i a l  u s e  o f  t h e  
a f f i l i a t e d  s e t  o p t i o n  i s  t o  s y n t h e s i z e  a m u l t i p l e  
beam s y s t e m .  Each beam c o v e r a g e  a r e a  c o u l d  be 
s p e c i f i e d  as  a s e p a r a t e  s e r v i c e  a r e a  and  t h e n  
a f f i l i a t e d  t o  examine  t h e  m u l t i p l e  beam i n t e r -  
f e r e n c e  e f f e c t s  w i t h  o t h e r  s e r v i c e  a r e a s .  I n t e r -  
f e r e n c e  e f f e c t s  be tween  beams a r e  n o t  examined  



because o f  t h e i r  i n h e r e n t  a f f i l i a t i o n  w i t h  each  
o t h e r .  

The NASARC s o f t w a r e  t r e a t s  t h e  members o f  a n y  
a f f i l i a t e d  s e t  as s e p a r a t e  e n t i t i e s  when d e t e r -  
m i n i n g  p a i r w i s e  c o m p a t i b i l i t y ,  b u t  does n o t  
d e t e r m i n e  t h e  c o m p a t i b i l i t y  be tween  t h e  s e t  mem- 
b e r s  s i n c e  t h i s  has been assumed t o  e x i s t .  The 
s o f t w a r e  t h e n  combines t h i s  i n f o r m a t i o n  as  i f  t h e  
a f f i l i a t e d  s e t  were i n d e e d  a s i n g l e  s e r v i c e  a r e a .  
Thus, a n  a f f i l i a t e d  s e t  i s  o n l y  c o n s i d e r e d  com- 
p a t i b l e  w i t h  a n o t h e r  s e r v i c e  a r e a  i f  each  o f  i t s  
component members a r e  i n d i v i d u a l l y  c o m p a t i b l e  
w i t h  t h e  o t h e r  s e r v i c e  a r e a  i n  q u e s t i o n  and  v i c e -  
v e r s a .  

The a f f i l i a t e d  s e t  o p t i o n  a l o n g  w i t h  t h e  
o t h e r  s o f t w a r e  f e a t u r e s  m e n t i o n e d  i n  t h e  p r e v i o u s  
s e c t i o n s  a l l o w  f o r  a l a r g e  ' v a r i e t y  o f  p l a n n i n g  
s c e n a r i o s  t o  be i n v e s t i g a t e d .  

3 . 0  D e s c r i p t i o n  o f  t h e  NASARC S o f t w a r e  

The p u r p o s e  of t h e  NASARC s o f t w a r e  package  i s  
t o  g e n e r a t e  a l i s t  o f  c o m p a t i b l e  g r o u p i n g s  o f  
s e r v i c e  a r e a s  and a s s o c i a t e d  a r c  segments and  t o  
s e l e c t  p r e d e t e r m i n e d  a r c s  f o r  t h e s e  s e r v i c e  a r e a s  
t h a t  w i l l  s a t i s f y  t h e  r e q u i r e m e n t s  o f  an a l l o t -  
ment  p l a n  for  a g i v e n  s e t  o f  t e c h n i c a l  parame- 
t e r s .  Because NASARC e n u m e r a t e s  a l l  u n i q u e  com- 
p a t i b l e  g r o u p s  a t  each  a r c  l o c a t i o n ,  t h e  number 
of g r o u p s  w h i c h  a r e  e x h a u s t i v e l y  e n u m e r a t e d  for  
w o r l d w i d e  s c e n a r i o s  c a n  become p r o h i b i t i v e l y  
l a r g e ,  t h e r e b y  e x c e e d i n g  memory c o n s t r a i n t s  o f  
many compu te r  s y s t e m s .  T h i s  i s  e s p e c i a ' l y  t r u e  
for a r e a s  of t h e  o r b i t  w h i c h  c o u l d  p o t e n t i a l l y  
s e r v e  a l a r g e  number o f  s e r v i c e  a r e a s  ( i . e . ,  
a r e a s  of t h e  o r b i t  where  l a r g e  numbers o f  s e r v i c e  
a r c s  o v e r l a o ) .  These a r e a s  o f  " h i g h  d e n s i t y "  a r e  
i l l u : t r a t e ?  1b:i t n e  d a t a  4 i v e n  i n  F i g l i r e  2 for  a 
:;/pica1 j e t  O f  s e r v i c e  a r c s  i n  a w o r l d w i d e  scena-  
r i o .  R a t h e r  t h a n  p r o c e s s i n g  t h e  e n t i r e  o r b i t a l  
a r c  ,111 a t  o n c e ,  t h e  NASARC s o f t w a r e  o p e r a t e s  o n  
s m a l l e r  segments of- a r c  one  a t  a t i m e ,  t h u s  
c o v e r i n g  t h e  e n t i r e  o r b i t  i n  a p i e c e  b y  p i e c e  
manner .  The s o f t w a r e  enumera tes  g r o u p s  w i t h i n  
each segmen t ,  s e l e c t s  g r o u p s  from t h i s  l i s t  and 
d e t e r m i n e s  a p r e d e t e r m i n e d  a r c  f o r  each  g r o u p  
s e l e c t e d .  By r e p e a t i n g  t h e  g r o u p  e n u m e r a t i o n  and  
a r c  d e t e r m i n a t i o n  p r o c e s s e s  o v e r  s u c c e s s i v e  seg- 
ments o f  t h e  o r b i t a l  a r c ,  a n  e n t i r e  w o r l d w i d e  
s c e n a r i o  can  be p r o c e s s e d .  

T h i s  p i e c e w i s e  a p p r o a c h  i s  u t i l i z e d  t o  a l l e -  
v i a t e  t h e  s t o r a g e  and  e x e c u t i o n  t i m e  d i f f i c u l t i e s  
w h i c h  r e s u l t  from t h e  a f o r e m e n t i o n e d  h i g h  d e n s i t y  
a r e a s  o f  t h e  o r b i t a l  a r c .  U s i n g  an o r b i t a l  den- 
s i t y  f i g u r e  s i m i l a r  t o  t h e  one  g i v e n  i n  F i g u r e  2 ,  
a segment o f  a r c  i s  s e l e c t e d  where  t h e  r e l a t i v e  
d e n s i t y  o f  s e r v i c e  a r e a s  i s  low. U n i q u e  compat-  
i b l e  g r o u p i n g s  a r e  e n u m e r a t e d  f o r  a l l  s e r v i c e  
a reas  whose s e r v i c e  a r c s  i n t e r s e c t  t h e  segment  
b o u n d a r i e s .  From t h e s e  g r o u p i n g s ,  s u i t a b l e  
g roups  a r e  s e l e c t e d  and  p r e d e t e r m i n e d  a r c s  a r e  
c a l c u l a t e d  w i t h i n  t h i s  segmen t .  Once a s e r v i c e  
a r e a  has been  g i v e n  a p r e d e t e r m i n e d  a r c ,  i t  i s  
n o t  c o n s i d e r e d  i n  f u t u r e  segmen ts .  By p r o g r e s s -  
i v e l y  w o r k i n g  from t h e  a r e a s  o f  l o w e s t  d e n s i t y  o f  
t h e  o r b i t  t o  t h e  a r e a s  o f  h i g h e s t  d e n s i t y ,  t h e  
number o f  s e r v i c e  a r e a s  w h i c h  need  t o  be c o n s i d -  
e r e d  i n  t h e  h i g h e r  d e n s i t y  a r e a s  i s  r e d u c e d  
a c c o r d i n g l y .  
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A d d i t i o n a l l y ,  t h e  p i e c e w i s e  a p p r o a c h  
d e s c r i b e d  above  p r e s e r v e s  t h e  i n t e g r i t y  of t h e  
NASARC m e t h o d o l o g y  f o r  t h e  d e v e l o p m e n t  of p r e -  
d e t e r m i n e d  a r c s  o v e r  t h e  e n t i r e  o r b i t  as a 
w h o l e .  T h i s  i s  p o s s i b l e  due t o  s e v e r a l  i m p o r t a n t  
c h a r a c t e r i s t i c s  o f  t h e  NASARC s o f t w a r e  package .  
F i r s t ,  t h e  e n u m e r a t i o n  o f  c o m p a t i b l e  g r o u p i n g s  
o c c u r s  o n  an a r c  l o c a t i o n  b y  a r c  l o c a t i o n  b a s i s  
w i t h  each  a r c  l o c a t i o n  t r e a t e d  i n d e p e n d e n t l y .  
Second,  t h e  a r c  d e t e r m i n a t i o n  p r o c e s s  i s  done 
o v e r  t h e  c u m u l a t i v e  a r c  w h i c h  i n c l u d e s  p a s t  a r c  
segments and  a l l o w s  fo r  a d j u s t m e n t  o f  PDA's o v e r  
t h i s  e n t i r e  a r c  d u r i n g  each  i t e r a t i o n  o f  t h i s  
p r o c e s s .  T h i r d ,  g r o u p s  whose members have  been 
g i v e n  a PDA have  t h e i r  g r o u p  a r c s  ( i . e . ,  t h e  a r c  
segment  o v e r  w h i c h  t h e  g r o u p  members a r e  compat-  
i b l e )  e x t e n d e d  i n t o  f u t u r e  segments whenever  
p o s s i b l e ,  p r o v i d i n g  i n c r e a s e d  f l e x i b i l i t y  s h o u l d  
r e p o s i t i o n i n g  become n e c e s s a r y .  F i n a l l y ,  a l l  
g r o u p i n g s  from p a s t  segments whose members have  
n o t  been g i v e n  PDA's b u t  have  t h e  p o t e n t i a l  t o  be 
a l l o t t e d  an a r c  i n  a f u t u r e  segment a r e  r e t a i n e d  
f o r  f u t u r e  c o n s i d e r a t i o n .  These c h a r a c t e r i s t i c s  
e n a b l e  t h e  p i e c e w i s e  a p p r o a c h  i n  NASARC t o  h a n d l e  
w o r l d w i d e  s c e n a r i o s  w h i l e  u t i l i z i n g  l e s s  memory 
and  a c h i e v i n g  f a s t e r  e x e c u t i o n  t i m e s  t h a n  w o u l d  
be p o s s i b l e  when a t t e m p t i n g  t o  p r o c e s s  t h e  e n t i r e  
o r b i t a l  a r c  a t  o n c e .  

As i l l u s t r a t e d  i n  F i g u r e  3 ,  t h e  NASARC 
s o f t w a r e  package  i s  c o m p r i s e d  o f  f o u r  m o d u l e s :  
NASARCB, t h e  i n p u t  p r o g r a m ;  NASARCl, t h e  g r o u p i n g  
p r o g r a m ;  NASARCZ, the a r c  d e t e r m i n a t i o n  program; 
and  NASARC3, t h e  g r o u p  a r c  e x t e n s i o n  p r o g r a m .  
The i n p u t  p r o g r a m  i s  r u n  o n l y  o n c e  p r i o r  t o  t h e  
e x e c u t i o n  o f  t h e  e n t i r e  p i e c e w i s e  a p p r o a c h  o f  

,NASARC. The two m a j o r  p u r p o s e s  o f  t h e  i n p u t  
p r o g r a m  a r e  t o  c h e c k  c e r t a i n  i n p u t  d a t a  f i l e s  and  
to a l l o w  t h e  u s e r  t o  i n p u t  t h e  v a r i o u s  r e q i i i r p r i  
t e c h n i c a l  p a r a m e t e r s  u s e d  t h r o u g h o u t  t h e  NASARC 
s o f t w a r e  p a c k a g e .  The r e m a i n i n g  m o d u l e s ,  
NASARCl, NASARCZ, and  NASARC3, a r e  e x e c u t e d  
s u c c e s s i v e l y  i n  a r e p e a t e d  f a s h i o n  f o r  each  
segment  o f  t h e  t o t a l  o r b i t a l  a r c .  The g r o u p i n g  
p r o g r a m  d e t e r m i n e s  p a i r w i s e  c o m p a t i b i l i t y  be tween  
s a t e l l i t e s  and  enumera tes  a l l  u n i q u e  c o m p a t i b l e  
g r o u p i n g s  a t  each  a r c  l o c a t i o n  w i t h i n  a segment ;  
i t  t h e n  d e t e r m i n e s  t h e  a r c s  o v e r  w h i c h  t h e s e  
g r o u p i n g s  e x i s t .  The a r c  d e t e r m i n a t i o n  p r o g r a m  
u s e s  a h e u r i s t i c  p r o c e s s  t o  s e l e c t  g r o u p s  from 
t h e  e x h a u s t i v e  l i s t  o f  u n i q u e  g r o u p i n g s  p r o d u c e d  
b y  NASARCl and c a l c u l a t e s  a p r e d e t e r m i n e d  a r c  for  
t h e s e  g r o u p s .  The g r o u p  a r c  e x t e n s i o n  p r o g r a m  
e x t e n d s  t h e  g r o u p  a r c s  o f  t h e  s e l e c t e d  g r o u p i n g s  
i n t o  f u t u r e  segments whenever  p o s s i b l e  t o  a l l o w  
for f l e x i b i l i t y  i n  a d j u s t i n g  t h e  PDA's t o  g e t  a 
s u c c e s s f u l  p l a n .  The f o l l o w i n g  s e c t i o n s  g i v e  a 
more d e t a i l e d  d e s c r i p t i o n  o f  each  o f  t h e  NASARC 
p r o g r a m  m o d u l e s .  

3 . 1  NASARCB - The I n p u t  P r o g r a m  

NASARCB i s  t h e  f i r s t  o f  t h e  f o u r  NASARC 
modu les  t o  e x e c u t e  and  i t  i s  o n l y  e x e c u t e d  once 
t h r o u g h o u t  t h e  p i e c e w i s e  a p p r o a c h .  I t s  p r i m a r y  
f u n c t i o n  i s  to i n t e r a c t i v e l y  p r o m p t  t h e  u s e r  f o r  
s e v e r a l  k e y  t e c h n i c a l  p a r a m e t e r s  f o r  t h e  d e s i r e d  
s c e n a r i o .  These p a r a m e t e r s  i n c l u d e :  t h e  t h r e s -  
h o l d  s i n g l e - e n t r y  d o w n l i n k  c a r r i e r - t o - i n t e r f e r -  
ence  r a t i o ,  t h e  d o w n l i n k  f r e q u e n c y ,  t h e  s a t e l l i t e  
a n d  e a r t h  s t a t i o n  a n t e n n a  s p e c i f i c a t i o n  c o d e s ,  
a n t e n n a  e f f i c i e n c i e s ,  and  r e q u i r e d  a n t e n n a  p a r a -  



meters, the grouping criterion, and the minimum 
half-power beamwidth. The program also queries 
the user as to whether or not rain attenuation is 
to be considered. These parameters are stored in 
an input data file that is required by the 
remaining NASARC modules. 

In addition to the primary function of 
accepting the prompted user inputs, NASARCO also 
checks various prestored input files for critical 
errors which would stop execution of the major 
NASARC modules. If any of the files are incor- 
rectly structured, or certain parameter values 
are not within prescribed limits, the user is 
immediately notified of the error, which file 
contains the error, and at which point the error 
occurred. NASARCO then communicates to the 
remaining NASARC modules that an error is present 
in one of the input files by setting an error 
flag to yes, ' Y ' ,  in the input data file. This 
allows the other NASARC modules to ascertain that 
a critical input error has occurred and to abort 
execution. 

3.2 NASARCl - The Groupinq Program 

NASARCI enumerates compatible groupings of 
service areas and the arc segments over which 
each such grouping may exist, within the portion 
of the arc currently being examined. A compat- 
ible group of service areas consists of a set of 
service areas, each of which are compatible with 
all othel. ,.lclnbers on a pairwise basis. 

Pairwije compatibility between service areas 
i s  as;esseiJ on the basis of the satellite sepa- 
' ition ret;::ired to allow systems serving both 
service areas to meet a target single-entry, 
downlink carrier-to-interference ratio (C/I). A 
user-supplied grouping criterion expresses (in 
degrees of orbital arc) the maximum orbital sepa- 
ration allowable between systems at which the 
target C/I value may be achieved for compatibil- 
ity. That is, i f  systems serving two service 
areas achieve or exceed the target C/I value at 
the groupinq criterion spacing, they may be 
placed closely together in the orbit, and are 
hence compatible. 

Over the range of orbital locations within 
the current segment, assessment of compatibility 
between all possible pairs of service areas takes 
place. Service arcs and segment boundaries are 
intersected to determine limitations on the 
feasible arc available to each service area in 
the current segment of the orbit. At each possi- 
ble arc location within the current segment, 
compatibility is assessed for all possible pairs 
of service areas. Utilizing the results of the 
compatibility assessment, groups of systems that 
may be spaced closely together in orbit (i.e., 
those that are compatible) are enumerated at each 
discrete location in the current segment. These 
groups are periodically accumulated into a list 
of compatible groups, and arc segments over which 
each such group may exist, until all possibili- 
ties for compatibility in the current segment 
have been exhausted. 

Prior to performing the operations described 
above, the NASARCl module collects input data - 
such as service area and service arc data, ser- 
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vice area affiliation data, technical parameter 
values, ellipse and polygon point data, and user 
specified program options - from a variety of 
input files. The NASARCl program then processes 
the input data to establish a scenario for the 
current segment. 

The NASARCl module eliminates from consider- 
ation those service areas that have received 
PDA's in segments of the orbit that have been 
previously examined by the NASARCl, NASARC2, and 
NASARC3 modules. If a service area that has 
received a PDA is, in fact, an affiliated set of 
service areas, its member service areas are 
eliminated from the list of service areas t2 be 
considered within the current segment. 

Service arcs of the remaining service areas 
are adjusted to conform to the boundaries of the 
current segment to be analyzed by NASARCl. If a 
service area's service arc does not intersect the 
current segment, the service area is eliminated 
from the list of service areas to be considered. 
A further check is performed, if needed. to 
determine i f  service arcs for all affiliated 
service areas within a set are present within the 
current segment. All members of an affiliated 
set of service areas must be able to be included 
in a compatible group, or no members will be 
included. Thus, i f  the service arc of any member 
service area of an affiliated set does not inter- 
sect the current segment, the remaining member 
service areas must be eliminated from the list of 
service areas to be considered. Elimination of 
service areas that need not be considered greatly 
reduces computer time required to analyze a given 
segment of the orbit. 

When the list of service areas to be consid- 
ered has been finalized, intersections of the 
modified service arcs are determined for all 
pairs of service areas. Next, for each service 
area, the NASARCl module determines the closest 
point, from a finite set of coordinates defining 
the service area, to the center of each of the 
other service areas. These points wi 1 1  represent 
the locations of the wanted area receivers in the 
compatibility assessment for pairs o f  service 
areas. 

Beginning with the westmost possible arc 
location for any service area, the NASARCl module 
calculates a compatibility matrix and enumerates 
groups o f  compatible systems for that location. 
The location is then incremented and the process 
is repeated until all possible discrete arc loca- 
tions within the current segment are exhausted. 
In construction of the compatibility matrix for 
each location, compatibility assessment for a 
pair of satellites is not performed unless the 
current location lies within the intersection of 
the feasible arcs for both service areas. Each 
entry of the compatibility matrix indicates 
whether or not a target C/I value is achieved 
with a specified orbital separation (i.e., the 
grouping criterion) between two satellites, serv- 
ing a pair of service areas, where the wanted 
satellite system is represented by the row index 
and the interfering satellite system is repre- 
sented by the column index. Due to differences 
in the geographical extent of the service areas 
corresponding to the satellites (and thus, beam 
coverage size), the C/I achieved when one satel- 



lite is seen as wanted and the other is regarded 
as an interferer may not be identical to the C/I 
achieved when the roles of the two satellites are 
reversed. Thus, the compatibility matrix will 
initially be non-symmetric. Compatibility is 
indicated by a one (1); incompatibility is indi- 
cated by a zero ( 0 ) .  

Affiliated sets of service areas require 
special treatment in the determination of com- 
patible groups of service areas. If two service 
areas are members of the same affiliated set, 
they wi 1 1  be automatically regarded as compat- 
ible. However, compatibility between each member 
service area and all other non-member service 
areas will be assessed in the manner described 
below. 

The single-entry downlink C/I value achieved 
by each pair of systems at the orbital separation 
specified by the grouping criterion is calculated 
from antenna discrimination achieved on the down- 
link. The characteristics required for this 
calculation are those representing the satellite 
transmit antenna pattern, and the earth station 
receive antenna pattern. The achieved C/I value 
is calculated at a spacing between satellites 
that is equal to the grouping criterion. In 
NASARC, achieved C/I is represented by the total 
downlink antenna discrimination. Using the 
interfering satellite's antenna pattern and the 
wanted service area's earth station antenna 
pattern, the total downlink discrimination is 
determined as shown in Figure 4 .  The two service 
areas are considered to be compatible if the 
achieved C / I  value meets or exceeds the target 
CII. Service areas are found to be incompatible 
i f  the achieved C/I is less than the target C/I 
or if the arcs of the service areas in question 
do not intersect. In the latter case the 
calculations described above are not performed. 

When evaluation of the achieved C/I values 
has been completed at a location for all pairs of 
service areas, the compatibility matrix for the 
location is made symmetric. Each entry o f  the 
compatibility matrix corresponding to a row and 
column index is compared to its corresponding 
entry - that with row and column indices trans- 
posed. If both entries indicate compatibility, 
ones are present in the corresponding locations 
of the compatibility matrix. If either or both 
of the matrix entries contains a zero, zeros are 
placed in both corresponding locations of the 
matrix. Diagonal entries will be set to one, as 
each service area is regarded as being compatible 
with itself. 

The compatibility matrix is now symmetric; 
symmetry is required for the enumeration of 
groups of compatible service areas at the current 
location. A compatible group will consist of a 
set of service areas whose members are each 
compatible with all other members. Affiliated 
sets of service areas will, once again, be 
treated in all-or-nothing fashion; rows and 
columns of the compatibility matrix that corre- 
spond to single service areas that are members of 
an affiliated set must be consolidated into a 
single row and column that expresses the set's 
compatibilities with other, non-member service 
areas. 
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The symmetric compatibility matrix may be 
regarded as a collection of vectors - one vector 
for each service area - which expresses compati- 
bility between that service area and all others. 
To enumerate groups of compatible service areas, 
each vector is examined in turn. Each vector 
will have a one in the element corresponding to 
its own service area index, and additional ones 
and zeros indicating compatibilities with other 
service areas. By exhaustively examining all 
possible compatibilities, a complete list of 
compatible groupings for the current arc location 
is found. When a large number of such groups 
have been determined, the groups and arc loca- 
tions are accumulated into a list of groupings 
and the arc segments over which they have been 
found to exist. When all locations within the 
current segment have been exhausted, the final 
list of groups and group arcs is output by 
NASARCl to a file that is utilized as input by 
the NASARCZ module. 

3.3  NASARCZ - The Arc Determination Program 

The primary function of NASARCZ within the 
NASARC software package is to select appropriate 
groupings from among those enumerated by the 
NASARCl program within the current segment 
boundaries, and to identify predetermined arcs 
associated with the groupings selected. The 
output of NASARCZ is stored in an intermediate 
file which contains a listing of selected group- 
ings and their predetermined arc boundaries. 
After all seyments have been examined using the 
NASARC piecewise approach, the NASARCZ output 
file forms the basis of results for the NASARC 
report file generated by NASARC3. The details of 
the grouping selection process. and the PDA 
generation are contained in the following 
discussion. 

One of the first functions performed by the 
NASARCZ software is the generation o f  service 
area information from the output of NASARCl. The 
service area information is used to generate 
figures of merit (FOM's) related to each service 
area and its groupings. This information con- 
sists of a compilation of the number of groups 
containing each service area and the service arc 
for each service area represented in the current 
segment. These parameters seem fairly simple in 
concept, but are very important in critical deci- 
sion making areas, such as, determining which 
service area should be accommodated first and 
which of its groupings is to be selected. The 
process of updating the service area information 
is carried out each time a grouping is given an 
allotted arc because it is no longer necessary to 
consider members within the allotted groups. 

With the incorporation of the piecewise 
approach into the NASARC methodology, it becomes 
necessary to prioritize the service areas for 
accommodation within each segment. The prioriti- 
zation is done to ensure that the service areas 
having the most limited allotment opportunities 
may be accommodated first. Each service area 
receives a priority designation according to its 
remaining service arc outside o f  the current 
cumulative arc. The cumulative arc encompasses 
the current arc segment being processed and all 
previously examined segments. Service areas 



whose service arcs are entirely encompassed by 
the cumulative arc are given the highest pri- 
ority, P1, meaning that they must be accommodated 
within the current segment. The second highest 
priority level, P2, is given to service areas 
whose remaining service arc, outside of the 
cumulative arc is 20 degrees or less. Finally, a 
priority, P3, is given to service areas whose 
remaining service arc exceeds 20 degrees. 

Once the service area information has been 
generated and prioritization has taken place, 
NASARCZ is ready to begin the selection of groups 
and generation of PDA's. The first step in the 
approach is to select a critical service area 
from the list of unaccommodated service areas. 
The decision as to which service area to select 
is made based upon two figure-of-merit factors 
(FOM0 and FOMl). FOMQ relates to the priority of 
the service area based on remaining service arc 
outside o f  the current cumulative arc. FOMl 
sorts the service areas within each of the pri- 
ority levels by the number of groupings in which 
each service area appears. Based on FOM0 and 
FOMl, the service area appearing in the fewest 
number of groups, from among those service areas 
with the highest priority (P1 followed by P2 
followed by P3) is selected as the critical ser- 
vice area. This method provides a high proba- 
bility of accommodating remaining service areas 
in multi-member groups, since the critical ser- 
vice area affects the least number of remaining 
groups. Additionally, this approach addresses 
the most difficult service areas to accommodate 
first, thereby reducing the possibility for 
unallotted service areas. 

Following the seiection of the critical spr- 
vice area, the next step is to select a groupinr 
that contains the critical service area (i.e. the 
ct.itical grouping). The grouping selection pro-- 
cess also employs two figure-of-merit factors 
(FOM2 and FOM3) simultaneously. FOM2 is a mea- 
sure of the number of members in each grouping 
which contains the critical service area. FOM3 
is a measure o f  the minimum group arc that must 
be available for a given grouping in order that 
an arc can be allotted to the grouping. 

The determination of FOM3, the length of the 
allotted arc for a given group, is based on the 
following formula: 

AL = Kl*(N-l)*GRP + K2+T(i) + K3tN + K4 eq. 1 

where 

K1 

AL = Allotted arc length (degrees) 
N = Number of grouping members 

T(i) = Transitional arc length, related 
to grouping, i (degrees) 

K2, K3, K4 = User specified constants 

GRP = Grouping criterion (degrees) 

All of the entries in the allotted arc length 
equation, with the exception of N. the number of 
members in a given group, are directly controlled 
by the user. Of the four constants, K1, K2, K3 
and K4, at least one must be nonzero in order to 
avoid the trivial solution of AL=O. Each of 
these constants has a different effect on the 
calculation of AL for a given grouping. K1 
affects the emphasis of the grouping criterion on 

the allotted arc length. K 2  affects the emphasis 
of the transitional arc length related to each 
grouping on the allotted arc length. K3 allows 
the user to base the allotted arc length on the 
number of members the group contains while K4 
allows the user to increase or decrease the size 
of all allotted arcs by a constant value. 
Because the NASARC software performs operations 
at discrete arc locations, the value calculated 
for the allotted arc length i s  rounded up to the 
nearest integer degree. 

The allotted arc length equation is the basis 
of figure-of-merit factor, FOM3. If a grouping 
containing the critical service area has a group 
arc greater than or equal to the necessary allot- 
ted arc length, it is retained for consideration 
as the critical grouping. The groupings that are 
retained are then judged on the basis of FOM2 in 
order to select the critical grouping. The 
grouping having the highest FOM2, or largest 
group-size is then selected as the critical 
groupi ng . 

At this point, NASARC2 has selected a 
critical service area and a corresponding crit- 
ical grouping containing the service area. 
NASARC2 must now check i f  any priority P1 service 
areas are missing from the NASARCl output file 
before it can begin allotting shared PDA's. If 
any P1 administrations are missing, they are 
given individual allotted arcs within their ser- 
vice arcs. Once this is done, the next major 
task is to determine where in the geostationary 
orbit within the group arc constraint, the group- 
ing's allotted arc should be located. The loca- 
tions of past allotted arcs are subject to move- 
ment within their respective group arcs as addi- 
tional groupings are selected to receive allotted 
arcs. 

The objective of the allotted arc procedure 
is to determine an allotted arc for the critical 
grouping of length, AL, within its group arc, 
while maintaining allotted arcs for all previous 
selected groupings. Three different heuristic 
approaches of varying complexity are utilized in 
the software to achieve the objective. The first 
approach is referred to as the "zero density" 
allotted arc routine and is the simplest in con- 
cept: find a vacancy in the geostationary orbit 
that can accomodate the grouping's required 
allotted arc length within its group arc con- 
straint. 

The second and third appwaches are referred 
to as the "push" and "shuffle" allotted arc 
routines and involve a greater degree of com- 
plexity in determining allotted arcs than the 
zero density routine. Both routines involve 
clearing an orbital arc width of the required 
length for the critical grouping by relocating 
existing allotted arcs; exactly how this is done 
depends on the routine. These two routines are 
accessed, if and only if, the zero density rou- 
tine is unsuccessful in finding an allotted arc 
for the critical grouping. 

The objective of the push allotted arc rou- 
t i n e  is to clear the arc space required by an 
entering allotted arc for a critical grouping by 
pushing intersecting existing allotted arcs out 
and beyond the entering arc boundaries. The 
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approach  emp loyed  i s  b a s i c a l l y  as f o l l o w s :  t h e  
e n t e r i n g  a l l o t t e d  a r c  i s  s e a r c h e d  f o r  i n t e r s e c -  
t i o n s  w i t h  e x i s t i n g  a l l o t t e d  a r c s .  A t  t h i s  
p o i n t ,  t h e  p r o g r a m  a t t e m p t s  t o  p u s h  t h e  e x i s t i n g  
a l l o t t e d  a r c s  wes tward  o u t  o f  t h e  e n t e r i n g  a l l o t -  
t e d  a r c .  I f  t h e  e x i s t i n g  a l l o t t e d  a r c s  t h a t  were 
pushed now o v e r l a p  o t h e r  e x i s t i n g  a l l o t t e d  a r c s ,  
t h e y  too a r e  pushed i n  o r d e r  c r e a t i n g  a c h a i n  
r e a c t i o n .  T h i s  push  a t t e m p t  i s  c o m p l e t e d  when 
e i t h e r  an e x i s t i n g  a l l o t t e d  a r c  becomes con -  
s t r a i n e d  b y  i t s  g r o u p  a r c  b o u n d a r y ,  i n  w h i c h  case  
t h e  push  was u n s u c c e s s f u l ;  or n o  o v e r l a p  e x i s t s ,  
and t h e  push  i s  c o n s i d e r e d  s u c c e s s f u l .  I f  t h e  
wes tward  push  i s  u n s u c c e s s f u l ,  t h e  e x i s t i n g  
a l l o t t e d  a r c s  t h a t  r e m a i n  i n t e r s e c t i n g  t h e  
e n t e r i n g  a l l o t t e d  a r c  a r e  pushed  e a s t w a r d .  I f  
t h e  e a s t w a r d  push  i s  s u c c e s s f u l ,  t h e  r o u t i n e  i s  
e x i t e d  w i t h  a new s o l u t i o n .  I f  i t  i s  unsuc -  
c e s s f u l  t h e  s h u f f l e  r o u t i n e  i s  a c c e s s e d .  

The b a s i c  o b j e c t i v e  o f  t h e  s h u f f l e  a l l o t t e d  
a r c  r o u t i n e  i s  p r i n c i p a l l y  t h e  same as t h a t  o f  
t h e  push  r o u t i n e :  c l e a r  t h e  a r c  space  r e q u i r e d  
for  a g i v e n  e n t e r i n g  a l l o t t e d  a r c  f o r  a c r i t i c a l  
g r o u p i n g ,  b y  r e l o c a t i n g  any  e x i s t i n g  a l l o t t e d  
a r c s  t h a t  i n t e r s e c t  t h e  e n t e r i n g  a r c  b o u n d a r i e s .  
However ,  t h e  a p p r o a c h  t a k e n  t o  a c h i e v e  t h i s  
o b j e c t i v e  d i f f e r s .  I n  t h e  s h u f f l e  r o u t i n e ,  
e x i s t i n g  a l l o t t e d  a r c s  t h a t  i n t e r s e c t  t h e  e n t e r -  
i n g  a r c  b o u n d a r i e s  a r e  r e l o c a t e d  t o  z e r o  d e n s i t y ,  
or v a c a n t  r e g i o n s  o u t s i d e  t h e  e n t e r i n g  a l l o t t e d  
a r c  w i t h i n  t h e i r  r e s p e c t i v e  g r o u p  a r c  c o n s t r -  
a i n t s .  I n  v i e w  o f  t h e  f a c t  t h a t  o n l y  e x i s t i n g  
a l l o t t e d  a r c s  t h a t  d i r e c t l y  i n t e r s e c t  t h e  
e n t e r i n g  a r c  b o u n d a r i e s  a r e  moved ( t h e  r e s t  
r e m a i n i n g  f i x e d )  t h i s  a p p r o a c h  i s  l e s s  c o m p l i -  
c a t e d  t h a n  t h e  push  r o u t i n e  A l s o ,  because  l e s s  
g r o u p  a r c  c o n s t r a i n t s  a r e  i n i o l v e d ,  i t  can  h a n d l e  
cases where t h e  p u s h  r o u t i n e  w o u l d  b e  u n s u c c e s s -  
f u l  i n  f i r d i n g  a s o l u t i o n .  

Acces;ing t h e  p u s h  and  s h u f f l e  r o u t i n e s  i s  
done c o n s e c u t i v e l y  f o r  each  e n t e r i n g  a l l o t t e d  
a r c .  I f  e i t h e r  r o u t i n e  a c h i e v e s  a s o l u t i o n ,  
u p d a t e d  a l l o t t e d  a r c s  a r e  r e t u r n e d  t o  t h e  m a i n  
p rog ram.  I f  b o t h  r o u t i n e s  e x h a u s t  t h e  l i s t  of 
p o t e n t i a l  a l l o t t e d  a r c s  f o r  a g i v e n  c r i t i c a l  
g r o u p i n g  w i t h o u t  f i n d i n g  a s o l u t i o n ,  a new 
g r o u p i n g  c o n t a i n i n g  t h e  c r i t i c a l  s e r v i c e  a r e a  i S  
s o u g h t .  I f  t h e  c r i t i c a l  g r o u p i n g  had  been  a 
s i n g l e  p r i o r i t y  P 1  s e r v i c e  a r e a ,  i t  i s  f l a g g e d  
f o r  s p e c i a l  h a n d l i n g  and  a new c r i t i c a l  s e r v i c e  
a r e a  i s  s e l e c t e d .  The c o m b i n a t i o n  o f  t h e  t h r e e  
h e u r i s t i c  a p p r o a c h e s  ( z e r o  d e n s i t y ,  p u s h ,  and  
s h u f f l e )  o f f e r s  a h i g h  p r o b a b i l i t y  o f  s u c c e s s -  
f u l l y  f o r m u l a t i n g  p r e d e t e r m i n e d  a r c s  f o r  a l l  
s e r v i c e  a r e a s  g i v e n  a s u i t a b l e  s e t  o f  t e c h n i c a l  
p a r a m e t e r s .  

A NASARCZ r u n  i s  c o m p l e t e d  when e i t h e r  of two 
c o n d i t i o n s  o c c u r s .  The f i r s t  i s  when a l l  s e r v i c e  
a reas  have been e i t h e r  g i v e n  a PDA or f l a g g e d  for  
s p e c i a l  h a n d l i n g .  The second  cause  of  t e r m i n a -  
t i o n  i s  t h e  r e s u l t  o f  t h e  i n c o r p o r a t i o n  of t h e  
NASARC p i e c e w i s e  a p p r o a c h .  When t h e  a r c  space  
w i t h i n  t h e  c u r r e n t  segment  i s  e x h a u s t e d ,  NASARCZ 
h a l t s  e x e c u t i o n  and  s t o r e s  t h e  u n a l l o t t e d  g r o u p s  
i n  a s p e c i a l  f i l e  for  u s e  i n  t h e  n e x t  segmen t .  
The i n t e r m e d i a t e  r e s u l t s  a r e  a l s o  examined  b y  
NASARC3 t o  d e t e r m i n e  i f  t h e i r  g r o u p  a r c s  c a n  b e  
e x t e n d e d  i n t o  t h e  n e x t  segment  t o  i n c r e a s e  t h e  
amount o f  r e p o s i t i o n i n g  f l e x i b i l i t y  i n  t h e  a r c  
d e t e r m i n a t i o n  p r o c e d u r e .  
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3 .4  NASARC3 - The Group  A r c  E x t e n s i o n  P r o q r a m  

NASARC3 examines  c o m p a t i b l e  g r o u p s  o f  s e r v i c e  
a r e a s  t h a t  have  r e c e i v e d  a l l o t t e d  a r c s  t h r o u g h  
t h e  a r c  d e t e r m i n a t i o n  p r o c e s s  ( t h e  NASARCZ 
m o d u l e ) ,  i n  o r d e r  t o  d e t e r m i n e  i f  t h e i r  g r o u p  
a r c s  may be e x t e n d e d  i n t o  t h e  n e x t  segment  t o  be 
a n a l y z e d  b y  NASARCl and  NASARCZ. T h i s  o p e r a t i o n  
i s  p e r f o r m e d  i n  o r d e r  to  r e t a i n  as  much f l e x i -  
b i l i t y  as p o s s i b l e  i n  t h e  a r c  d e t e r m i n a t i o n  p r o -  
c e s s  as a p p l i e d  t o  a l l  segments o f  t h e  o r b i t ;  
t h a t  i s ,  i f  a d j u s t m e n t  o f  e x i s t i n g  a l l o t t e d  a r c s  
i s  n e c e s s a r y  i n  o r d e r  t o  accomoda te  e n t e r i n g  
a l l o t t e d  a r c s ,  t h e  f u l l  g r o u p  a r c  w i l l  be a v a i l -  
a b l e  for t h e  a d j u s t m e n t .  

As d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  when a 
g r o u p  o f  c o m p a t i b l e  sys tems  has been  s e l e c t e d  b y  
NASARCZ t o  r e c e i v e  a n  a l l o t t e d  a r c ,  t h e  NASARC2 
modu le  w i l l  examine  t h e  a r c  segment  o v e r  w h i c h  
t h e  g r o u p  has been  found  t o  e x i s t  and  w i l l  s e l e c t  
a s u i t a b l e  p o r t i o n  o f  t h e  g r o u p  a r c  t o  become t h e  
g r o u p ' s  a l l o t t e d  a r c .  I t  may become n e c e s s a r y  t o  
r e l o c a t e  e x i s t i n g  a l l o t t e d  a r c s ,  b y  m o v i n g  them 
from t h e i r  o r i g i n a l  l o c a t i o n s ,  i n  o r d e r  t o  accom- 
modate e n t e r i n g  a l l o t t e d  a r c s .  However ,  a r e l o -  
c a t e d  a l l o t t e d  a r c  f o r  a c o m p a t i b l e  g r o u p  o f  s e r -  
v i c e  a r e a s  m u s t  s t i l l  l i e  w i t h i n  t h a t  g r o u p ' s  
g r o u p  a r c .  F o r  t h i s  r e a s o n ,  t h e  f u l l  e x t e n t  o f  
each  g r o u p  a r c  i n t o  t h e  n e x t  segment  to  be ana- 
l y z e d  mus t  be d e t e r m i n e d .  

Group  a r c  e x t e n s i o n  i s  a c c o m p l i s h e d  by t h e  
NASARC3 modu le  i n  much t h e  same way t h a t  g r o l i p  
a r c s  a r e  d e t e r m i n e d  b y  t h e  NASARCl m o d u l e ;  how- 
e v e r ,  t h e  c o m p u t a t i o n a l  e f f o r t  r e q u i r e d  i s  
c o n s i d e r a b l y  l e s s .  I n  NASARCl, a l l  p o s s i b l e  
c o m p a t i b l e  g r o u p s  o f  s e r v i c e  a r e a s ,  and t h e i r  
g r o u p  a r c s ,  a r e  f o u n d  w i t h i n  t h e  segment  cur- 
r e n t l y  b e i n g  e x a m i n e d ;  i n  NASARC3, t h e  g r o u p  a r c  
t h a t  e x i s t s  f o r  known,  p r e v i o u s l y  s e l e c t e d  g r o u p s  
o f  s e r v i c e  a r e a s  i s  d e t e r m i n e d  w i t h i n  t h e  n e x t  
segment t o  be a n a l y z e d .  Thus,  a n a l y s i s  o f  com- 
p a t i b i l i t y  i s  r e s t r i c t e d  t o  a s m a l l ,  known s e t  o f  
s e r v i c e  a r e a s ,  and  e x h a u s t i v e  e n u m e r a t i o n  o f  com- 
p a t i b l e  g r o u p i n g s  need  n o t  t a k e  p l a c e .  

I n  o r d e r  t o  d e t e r m i n e  b o t h  t h e  d i r e c t i o n  o f ,  
and  l i m i t s  upon ,  t h e  g r o u p  a r c  e x t e n s i o n  t o  be 
p e r f o r m e d ,  NASARC3 o b t a i n s  t h e  n e x t  segment  t o  be 
a n a l y z e d  from t h e  a p p r o p r i a t e  i n p u t  f i l e .  I f  n o  
segment o f  t h e  o r b i t  r e m a i n s  t o  be examined ,  
NASARC3 p r o d u c e s  t h e  NASARC r e p o r t  f i l e  c o n t a i n -  
i n g  a l l  r e s u l t s  o f  t h e  NASARC modu les  f o r  a l l  
segments o f  t h e  o r b i t  t h a t  t h e  u s e r  has chosen  t o  
ana 1 y z e  . 

I f  a segment  o f  t h e  o r b i t  r e m a i n s  t o  be exam- 
i n e d ,  a g r o u p  o f  c o m p a t i b l e  s e r v i c e  a r e a s  and  i t s  
c o r r e s p o n d i n g  g r o u p  a r c  i s  r e t r i e v e d  from t h e  
i n t e r m e d i a t e  f i l e  p r o d u c e d  b y  t h e  NASARCZ p r o -  
gram. The g r o u p  a r c  l i m i t s  a r e  compared w i t h  t h e  
e a s t e r n  and  w e s t e r n  l o n g i t u d i n a l  l i m i t s  o f  t h e  
n e x t  segment  t o  be examined ,  i n  o r d e r  t o  d e t e r -  
m i n e  i f  g r o u p  a r c  e x t e n s i o n  i s  p o s s i b l e .  I f  t h e  
e a s t e r n  l i m i t  o f  t h e  g r o u p  a r c  a d j o i n s  t h e  wes t -  
e r n  l i m i t  o f  t h e  n e x t  segmen t ,  g r o u p  a r c  e x t e n -  
s i o n  i s  a p o s s i b i l i t y  a n d  t h e  e x t e n s i o n  w i l l  be 
p e r f o r m e d  i n  t h e  w e s t - t o - e a s t  d i r e c t i o n .  I f  t h e  
w e s t e r n  l i m i t  o f  t h e  g r o u p  a r c  a d j o i n s  t h e  
e a s t e r n  l i m i t  o f  t h e  n e x t  segment ,  ;roup a r c  
e x t e n s i o n  i s  p o s s i b l e  i n  t h e  e a s t - t o - w e s t  d i r e c -  
t i o n .  I f  t h e  g r c i p  a r c  does n o t  a d j o i n  t h e  n e x t  
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segment t o  be c o n s i d e r e d ,  t h e  NASARC3 modu le  
r e t u r n s  t o  t h e  i n t e r m e d i a t e  f i l e  t o  o b t a i n  and  
check  t h e  n e x t  g r o u p  a n d  g r o u p  a r c .  When a l l  
g r o u p s  a r e  e x h a u s t e d ,  t h e  i n t e r m e d i a t e  f i l e  i s  
u p d a t e d  w i t h  t h e  e x t e n d e d  g r o u p  a r c s  and  t h e  
p r o g r a m  t e r m i n a t e s .  

I f  t h e  g r o u p  a r c  for t h e  c u r r e n t  g r o u p  o f  
s e r v i c e  a r e a s  a d j o i n s  t h e  n e x t  segment  o f  t h e  
o r b i t  t o  be p r o c e s s e d ,  t h e  NASARC3 modu le  w i l l  
e x t r a c t  i n f o r m a t i o n  s i m i l a r  t o  t h a t  r e q u i r e d  for  
NASARCl from v a r i o u s  i n p u t  f i l e s .  The s e r v i c e  
a r c  o f  each  s e r v i c e  a r e a  i n  t h e  c u r r e n t  g r o u p  
mus t  i n t e r s e c t  t h e  a r c  segment  t o  be examined  f o r  
g r o u p  a r c  e x t e n s i o n ;  i f  a s e r v i c e  a r e a ' s  s e r v i c e  
a r c  does n o t  i n t e r s e c t  t h e  a r c  segment ,  t h e  g r o u p  
a r c  may n o t  be e x t e n d e d .  I f  t h i s  i s  t h e  c a s e ,  
t h e  n e x t  g r o u p  and g r o u p  a r c  a r e  s e l e c t e d  from 
t h e  i n t e r m e d i a t e  f i l e .  

The segment  of t h e  o r b i t  i n t o  w h i c h  t h e  g r o u p  
al-c w i l l  be e x t e n d e d  p r o v i d e s  b o t h  t h e  l o n g i t u -  
d i n a l  l i m i t  of e x t e n s i o n  and  t h e  d i r e c t i o n  i n  
w h i c h  t h e  g r o u p  a r c  may b e  e x t e n d e d .  The i n i t i a l  
a r c  l o c a t i o n  i s  s e t  t o  t h e  a p p r o p r i a t e  w e s t e r n  or  
e a s t e r n  l o n g i t u d i n a l  l i m i t  o f  t h i s  segment ;  t h i s  
a r c  l o c a t i o n  w i l l  be i n c r e m e n t e d  i f  t h e  g r o u p  a r c  
may be e x t e n d e d  i n  t h e  w e s t - t o - e a s t  d i r e c t i o n ,  or  
d e c r e m e n t e d  i f  e x t e n s i o n  i s  i n  t h e  e a s t - t o - w e s t  
d i r e c t i o n .  

Over  t h e  segment  o f  a r c  to  b e  c o n s i d e r e d ,  
p a i r w i s e  c o m p a t i b i l i t y  b e t w e e n  s e r v i c e  a r e a s  i s  
a s s e s s e d  f o r  each  p a i r  o f  s e r v i c e  a r e a s  w i t h i n  
t h e  c u r r e n t  g r o u p  whose a r c  i s  t o  be e x t e n d e d ,  as  
i n  NASARCl. A t  each  d i s c r e t e  a r c  l o c a t i o n  where 
c o m p a t i b i l i t y  be tween  a l l  s e r v i c e  a r e a s  w i t h i n  
t h e  g r o u p  s t i l l  h o l d s ,  t h e  a p p r o p r i a t e  g r o u p  a r c  
b o u n d a r y  i s  a d j u s t e d  t o  encompass t h e  new l o c a -  
t i o n .  When t h e  g r o u p  o f  s e r v i c e  a r e a s  n o  l o n g e r  
c o n t i n u e s  t o  be c o m p a t i b l e ,  or  a l l  l o c a t i o n s  
w i t h i n  t h e  segment  h a v e  been examined ,  t h e  n e x t  
c o m p a t i b l e  g r o u p  i s  r e t r i e v e d  f r o m  t h e  i n t e r m e -  
d i a t e  f i l e  and  t h e  p r o c e s s  i s  r e p e a t e d .  

When a l l  g r o u p s  a n d  g r o u p  a r c s  have  been 
examined  f o r  e x t e n s i o n  i n t o  t h e  n e x t  segmen t .  t h e  
i n t e r m e d i a t e  f i l e  w i l l  b e  u p d a t e d  t o  r e f l e c t  t h e  
r e v i s e d  g r o u p  a r c s .  When t h i s  o p e r a t i o n  h a s  been 
per fo rmed,  t h e  NASARC3 m o d u l e  c o n c l u d e s  o p e r a t i o n .  

4 . 0  W o r l d  S c e n a r i o  Example 

The NASARC s o f t w a r e  was a p p l i e d  t o  a w o r l d -  
w i d e  s c e n a r i o  t o  d e m o n s t r a t e  t h e  p r o c e s s  b y  w h i c h  
p r e d e t e r m i n s d  a r c s  (PDAs) a r e  g e n e r a t e d .  The 
s c e n a r i o  i n c l u d e d  208 s e r v i c e  a r e a s  i d e n t i f i e d  b y  
t h e  IFRB.  No e x i s t i n g  sys tems  were  c o n s i d e r e d .  
O f  t h e  208 s e r v i c e  a r e a s ,  175  s e r v i c e  a r e a s  
r e p r e s e n t  i n d i v i d u a l  a d m i n i s t r a t i o n s ,  a n d  t h e  
r e m a i n i n g  33  s e r v i c e  a r e a s  r e p r e s e n t  7 a f f i l i a t e d  
s e t s  r a n g i n g  i n  s i z e  from two t o  t w e l v e  members. 

T a b l e  1 p r e s e n t s  t h e  i n p u t  p a r a m e t e r s  t o  t h e  
NASARC modu les  f o r  t h i s  e x a m p l e .  The NASARC PDA 
g e n e r a t i o n  was based  o n  a c h i e v i n g  a 3 2 . 0  dB 
s i n g l e - e n t r y  d o w n l i n k  C / I  for sys tems  o p e r a t i n g  
i n  t h e  Ku band  e x p a n s i o n  f r e q u e n c i e s .  The g r o u p -  
i n g  c r i t e r i o n  was s p e c i f i e d  as  0.5" i n d i c a t i n g  
t h a t  p a i r s  o f  s a t e l l i t e s  i n  t h e  same g r o u p  meet  
t h e  r e q u i r e d  C / I  a t  a n  o r b i t a l  s e p a r a t i o n  of 0 . 5 "  
or l e s s .  A l l  s e r v i c e  a r e a s  w e r e  s e t  to o p e r a t e  
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w i t h  t h e  d e f a u l t  a n t e n n a  p a r a m e t e r s ,  o f  w h i c h  t h e  
e a r t h  s t a t i o n  a n t e n n a  was s p e c i f i e d  t o  have a 
s i d e l o b e  e n v e l o p e  o f  3 2 - 2 5 l o g y  and  t h e  space-  
c r a f t  a n t e n n a  was s p e c i f i e d  t o  be t h e  s t a n d a r d  
r o l l - o f f  s a t e l l i t e  a n t e n n a  p a t t e r n  r e s u l t i n g  from 
t h e  1983 R e g i o n a l  A d m i n i s t r a t i v e  R a d i o  C o n f e r e n c e  
(RARC ' 8 3 ) .  W i t h i n  t h e  s c e n a r i o  a r c s  f i l e ,  
w h e r e v e r  p o s s i b l e ,  a l l  s e r v i c e  a r e a s  were g i v e n  a 
s e r v i c e  a r c  c o r r e s p o n d i n g  t o  a 10" e l e v a t i o n  
a n g l e .  A l s o ,  t h e  e f f e c t  o f  r a i n  f a d e  o n  t h e  
d o w n l i n k  was e x a m i n e d .  

T a b l e  1 a l s o  g i v e s  t h e  c o n s t a n t s  used  t o  
s p e c i f y  t h e  a l l o t t e d  a r c  e q u a t i o n .  F o r  t h i s  
examp le ,  K1=2, K2=0 .8 ,  and K3=K4=0. These v a l u e s  
s e l e c t e d  f o r  t h e  c o n s t a n t s  i n d i c a t e  t h a t  each  
g r o u p i n g  s e l e c t e d  b y  t h e  NASARC2 m o d u l e  w o u l d  
r e c e i v e  a n  a l l o t t e d  a r c  o f  l e n g t h  t w i c e  t h e  
amount r e q u i r e d  t o  accomoda te  t h e  g r o u p  members 
p l u s  e i g h t y  p e r c e n t  o f  t h e  c a l c u l a t e d  t r a n s i -  
t i o n a l  a r c  l e n g t h .  

T a b l e  2 p r e s e n t s  t h e  e a s t  and  w e s t  b o u n d a r i e s  
of t h e  t e n  o r b i t a l  a r c  segments u s e d  t o  p r o c e s s  
t h e  w o r l d w i d e  s c e n a r i o .  By c o m p a r i n g  t h e s e  seg- 
men ts  t o  F i g u r e  2,  i t  can  be seen  t h a t  t h e  NASARC 
s o f t w a r e  was s e t u p  t o  b e g i n  i n  t h e  l e a s t  dense 
a r e a  ( t h e  P a c i f i c  o c e a n  r e g i o n ) ,  a n d  b y  p r o g r e s -  
s i v e l y  r e d u c i n g  t h e  peak  was a b l e  t o  p r o c e s s  t h e  
h i g h e s t  d e n s i t y  a r e a  above  I T U  R e g i o n  1 i n  t h e  
l a s t  segmen t .  U s i n g  t h i s  a p p r o a c h ,  t h e  e n t i r e  
examp le  was c o m p l e t e d  i n  20.2 CPU m i n u t e s  o n  an 
Amdahl 5860  m a i n f r a m e  c o m p u t e r  h a v i n g  a n  i n s t r u c -  
t i o n  r a t e  o f  13  M i p s .  

The NASARC f i n a l  r e s u l t s  o f  t h e  w o r l d  scena-  
r i o  examp le  a r e  p r e s e n t e d  i n  T a b l e  3 and  i l l t A s -  

b t r a t e d  i n  F i g u r e  1 T h r e e  c h a r a c t e r  codes  i ' rp 

used  to r e p r e s e n t  i n d i v i d u a l  s e r v i c e  a r e a s  or 
a f f i l i a t e d  s e t s  o f  s e r v i c e  a r e a s  i n  t h e  NASARC 
r e s u l t s .  Wherever  p o s s i b l e ,  t h e  s t a n d a r d  I T U  
t h r e e  l e t t e r  c o u n t r y  codes a r e  u s e d .  A g r a p h i c a l  
p r e s e n t a t i o n  o f  t h e  s e l e c t e d  g r o u p i n g s  and  t h e i r  
c o r r e s p o n d i n g  a l l o t t e d  a r c  b o u n d a r i e s  i s  g i v e n  i n  
F i g u r e  5 .  The f i n a l  r e s u l t s  show t h a t  t h e  NASARC 
s o f t w a r e  was a b l e  t o  p r o v i d e  a s o l u t i o n  t h a t  
w o u l d  accomoda te  a l l  208 s e r v i c e  a r e a s  w i t h i n  
236"  o f  o r b i t a l  a r c  and  mee t  t h e  t e c h n i c a l  
r e q u i r e m e n t s  o f  t h e  p l a n  w i t h o u t  p r o d u c i n g  any  
s i n g l e  a d m i n i s t r a t i o n  a l l o t m e n t s .  

A t o t a l  o f  54  g r o u p i n g s  c o n t a i n i n g  t h e  208 
s e r v i c e  a r e a s  were  s e l e c t e d  b y  t h e  NASARC so f t -  
w a r e .  The g r o u p i n g  s i z e  r a n g e d  from two members 
t o  e i g h t  members w i t h  a mean s i z e  o f  a p p r o x i -  
m a t e l y  four .  F i g u r e  5 shows t h e  p l a c e m e n t  o f  
a l l o t t e d  a r c s  f o r  t h e s e  g r o ' p i n g s  w i t h i n  t h e  
g e o s t a t i o n a r y  o r b i t  ( G S O ) .  Unused  a r e a s  o f  t h e  
o r b i t  t o t a l l i n g  124"  c o u l d  be u t i l i z e d  i n  subse-  
q u e n t  i t e r a t i o n s  o f  t h e  s o f t w a r e  t o  i n c r e a s e  t h e  
s i z e  o f  t h e  a l l o t t e d  a r c  for  e a c h  g r o u p i n g  b y  
c h a n g i n g  t h e  a l l o t t e d  a r c  l e n g t h  c o n s t a n t s  ( e q .  
1 ) .  T h i s  w o u l d  r e s u l t  i n  g r e a t e r  f l e x i b i l i t y  i n  
t h e  c h o i c e  o f  s y s t e m  t e c h n i c a l  p a r a m e t e r s  or i n  
o r b i t a l  p o s i t i o n i n g .  S i m i l a r l y ,  t h e  p o r t i o n s  o f  
unused  o r b i t  c o u l d  be u t i l i z e d  i n  i n c o r p o r a t i n g  
l a r g e r  s c e n a r i o s  w h i c h  i n c l u d e  e x i s t i n g  s y s t e m s .  

5.0 C o n c l u s i o n s  

T h i s  p a p e r  has  p r e s e n t e d  a d e t a i l e d  d i s -  
c u s s i o n  o f  t h e  NASARC s o f t w a r e  package  for  



c o m m u n i c a t i o n  s a t e l l i t e  sys tems  p l a n n i n g .  The 
gur.ri;$e o f  t h i s  s o f t w a r e  tool i s  to  p r o v i d e  a 
 dit'> O t  s d l l s t j i i n g  t n e  r ' e q u i r e m e n t j  or t h e  
d l i o t m e n t  p l a n ,  t o  " . . .  p e r m i t  each  a d m i n i s -  
t r a t i o n  to  s a t i s f y  r e q u i r e m e n t s  f o r  n a t i o n a l  
; a r v i c e s  from a t  l e a s t  one o r b i t a l  p o s i t i o n  
w i t h i n  a p r e d e t e r m i n e d  a r c . "  T h i s  o b j e c t i v e  i s  
a c c o m p l i s h e d  t h r o u g h  t h e  e x h a u s t i v e  e n u m e r a t i o n  
o f  c o m p a t i b l e  g r o u p i n g s  o f  s e r v i c e  a r e a s ,  t h e  
s e l e c t i o n  of p a r t i c u l a r  g r o u p i n g s  and  t h e  
i d e n t i f i c a t i o n  o f  a s s o c i a t e d  p r e d e t e r m i n e d  a r c s .  
The NASARC c o n c e p t  a s s e s s e s  c o m p a t i b i l i t y  be tween  
systems o v e r  t h e  e n t i r e  PDA a t  t h e  t i m e  o f  p l a n  
g e n e r a t i o n ,  t h u s  a l l o w i n g  a d m i n i s t r a t i o n s  t o  
s a t i s f y  t h e i r  r e q u i r e m e n t s  from a n y  one  o f  a 
number of p o s s i b l e  o r b i t a l  p o s i t i o n s  w i t h i n  a 
p r e d e t e r m i n e d  a r c .  The s e l e c t i o n  p r o c e s s  i s  a 
h e u r i s t i c  p r o c e d u r e  t h a t  u t i l i z e s  s e v e r a l  f i g u r e  
of m e r i t  f a c t o r s  d e s i g n e d  t o  accommodate t h e  m o s t  
d i f f i c u l t  a l l o t m e n t  p r o b l e m s  f i rst.  The t a s k  i s  
t o  s e l e c t  g r o u p i n g s  and  g e n e r a t e  p r e d e t e r m i n e d  
a r c  s i z e s  such t h a t  t h e  r e q u i r e m e n t s  o f  a l l  
a d m i n i s t r a t i o n s  a r e  me t  b e f o r e  t h e  a v a i l a b l e  a r c  
i s  e x h a u s t e d .  As w i t h  a n y  a p p r o a c h  t o  d e v e l o p -  
ment  of a n  a l l o t m e n t  p l a n ,  t h e  u l t i m a t e  success  
o f  t h e  a p p r o a c h  w i l l  depend  upon t h e  s e l e c t e d  
v a l u e s  of t e c h n i c a l  p a r a m e t e r s .  

TAELE 1 - NASARC INPUT PARAMETERS 

S i n g l e - E n t r y  D o w n l i n k  C / I  ( dB)  = 3 2 . 0 0  
D o w n l i n k  F r e q u e n c y  (GHz) = 1 1 . 2 0 0  
G r o u p i n g  C r i t e r i o n  ( d e g )  = 0 . 5 0  
Min imum E l l i p s e  Beamwid th  ( d e g )  = 0 . 8 0  
S p a c e c r a f t  A n t e n n a  = R4RC-83 

S t a n d a r d  
Rol l o f f  

S/C A n t e n n a  E f f i c i e n c y  = 0 . 5 5  
E a r t h  S t a t i o n  A n t e n n a  = 32 -25+Log(y )  
E/S A n t e n n a  D i a m e t e r  ( m )  = 3 . 0 0  
E/S A n t e n n a  E f f i c i e n c y  = 0 . 6 5  
R a i n  A t t e n u a t i o n  S e l e c t i o n  F l a g  = Y 
C a l c u l a t e d  B u f f e r  A r c  L e n g t h  ( d e g )  = 2 . 2 7 8  

C o n s t a n t s  f o r  A l l o t t e d  A r c  L e n g t h  
K1 = 2.00 
K2 = 0 . 8 0  
K 3  = 0.00 
K4 = 0.00 

An examp le  has been p r e s e n t e d  w h i c h  demon- 
s t r a t e s  a p p l i c a t i o n  o f  t h e  NASARC c o n c e p t  t o  a 
w o r l d w i d e  s c e n a r i o .  The r e q u i r e m e n t s  o f  a l l  
sys tems  were f u l l y  accommodated w h i l e  a l l o w i n g  
f r e e d o m  o f  c h o i c e  i n  t h e  p o s i t i o n i n g  o f  s a t e l -  
l i t e s  and  f l e x i b i l i t y  i n  t h e  s e l e c t i o n  o f  s y s t e m  
t e c h n i c a l  p a r a m e t e r s .  

Re fe rences  

l " F i n a 1  A c t s  o f  t h e  W o r l d  A d m i n i s t r a t i v e  
R a d i o  Con fe rence  o n  t h e  Use of t h e  G e o s t a t i o n a r y -  
S a t e l l i t e  O r b i t  and  t h e  P l a n n i n g  o f  Space 
S e r v i c e s  U t i l i z i n g  I t , "  F i r s t  S e s s i o n ,  Geneva, 
1985 .  

* "An A1 l o t m e n t  P l a n n i n g  Conzep t  and  R e l a t e d  
Computer  S o f t w a r e  for  P l a n n i n g  t h e  F i x e d  
S a t e l l i t e  S e r v i c e  a t  t h e  1988 Space NARC." 
M i l l e r ,  e t  a l ,  p r e p a r e d  for  t h e  G l o b a l  
T e l e c o m m u n i c a t i o n s  C o n f e r e n c e ,  Sponsored  b y  t h e  
I n s t i t u t e  of E l e c t r i c a l  and E l e c t r o n i c s  
E n g i n e e r s .  Tokyo ,  Japan ,  November 15-18,  1987.  

TABLE 2 - NASARC SEGMENT INPUT DATA 

(Degrees  E a s t  L o n g i t u d e )  

Segment W e s t e r n  Bou- &&ern Boundary  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

164 .0  
104 .0  
8 5 . 0  

.159 .0  
, 1 0 5 . 0  

7 2 . 0  
-57 .0  
-41 .O 
-19 .0  

1 .o 

- 1 6 0 . 0  
1 6 3 . 0  
1 0 3 . 0  

- 1 0 6 . 0  
- 5 8 . 0  

8 4 . 0  
- 4 2 . 0  
- 2 0 . 0  

0.0 
71 .O 
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TABLE 3 - NASARC F INAL  RFSULTS 

l u t a l  Amount o f  Orb i ta l  Arc Used (deg) = 236.0 
Number o f  Groupings A l l o t t e d  = 54 
Number o f  Ind iv idua l  S e r v i c e  Areas  A l l o t t e d  = 175 
Number o f  A f f i l i a t e d  S e t s  A l l o t t e d  = 7 (Containing 33 S / A )  
Number o f  Una l lo t ted  Ind iv idua l  Service Areas = 0 
Number of Una l lo t ted  A f f i l i a t e d  S e t s  = o  

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
1 1  
1 2  
13  
14 
15 
16 
17 
18 
19 
20 
2 1  
2 2  
23 
24  
2 5  
2 6  
2 7  
28 
29 
30 
31 
32 
3 1  
34 
3 5  
36 
3 7  
38 
39 
40 
41 
42 
43 
4 4  
4 5  
4 6  
4 7  
48 
4 9  
50 
51 
52 
53 
54 

Group Members 

CKH PHL SLM 
OBO FJI N Z 2  PTC TON 
MEX P R l l  
ABW GTM 
CTR DMA 
RAH NCG TRD 
CA2 CUB PNR PRG SLV SUR VCT 
BOL USA 
CAN CLM 
BLZ EQA VEN 
GNB SCN 
ARG BRB HND SRL 
CPV DOM GUY LBR 
A T N  H T I  MTN 
CHL GMB GRD JMC POR TGO 
A T G  M L I  URG 
MRC STP 
ALL I 5 L  
000 ON2 
GNE HOL 
GAB I00  
BO0 B D I  BEL MLT SMR 
0C0 BUL I S R  ZMB 
A F S  0F0 LBY SEN 
ALB DDR 
SYR TCH 
BHR COG C T I  CYP 0G0 KFN 
MWI POL QAT 
EGY GHA S U I  
AFG FNL YUG 
GRC I K N  LUX 
DOO N I G  TUN 
R f A  CAF JOR L I C  
MCO NOR PAK ROU 
AUT BEN 
GUI OMA SOO TUR 
HNG IRL LBN NGR TZA 
CVA OEO Z A I  
CME NMB URS 
AGL ETH I R Q  
BOT I N D  SDN 
DJI MOZ TCD 
CHN COM RRW SWZ 
ARS LSO 
THA UGA UR2 YEM ZWE 
SOM V T N  
I N S  MDG 
KRE KWT NPL YMS 
0A0 BGD MAU MLA MNG SEY UAE 
BRM MLD 
CLN LAO NZL UR3 
CBG CK2 KOR SNG VUT 
BRU PNG 
AUS JOO K I R  NIL1 NRU OCE TKL TUV 

A l l o t t e d  Arc 
Boundaries 

-176.0 
-172.0 
-139.0 
-136.0 
-132.0 
-128.0 
-124.0 
-116.0 
-113.0 
- 1  10.0 

-86.0 
-83.0 
-78.0 
-73.0 
-69.0 
-62 .O 
-56.0 
-52.0 
-49.0 
-46.0 
-40.0 
-37 .O 
-31 .O 
-26.0 
-18.0 
-15.0 
-12.0 
-5.0 

1 .o 
8.0 

12.0 
16.0 
20.0 
25.0 
30.0 
35.0 
40.0 
46.0 
67.0 
72.0 
76.0 
80.0 
85.0 
90.0 
94.0 

100.0 
104.0 
107.0 
112.0 
135.0 
141 .O 
164.0 
171 .O 
174.0 

-172.0 
-166.0 
-136.0 
-133.0 
-129.0 
-124.0 
-116.0 
-113.0 
-110.0 
-106.0 
-83.0 
-78.0 
-73.0 
-69.0 
-62.0 
-58.0 
-53.0 
-49.0 
-46.0 
-43.0 
-37.0 
-31 .O 
-26.0 
-21  .o 
-15.0 
-12.0 
-5.0 
- 1  .o 

5.0 
12.0 
16.0 
20.0 
25.0 
30.0 
33 .O 
40.0 
46.0 
50.0 
71 .O 
76.0 
80.0 
84.0 
90.0 
93.0 

100.0 
103.0 
107.0 
112.0 
120.0 
138.0 
146.0 
170.0 
174.0 

-177.0 

Group Arc 
Boundaries 

164.0 
173.0 

-139.0 
-138.0 
-132.0 
-128.0 
-124.0 
-119.0 
-113.0 
-124.0 
-86.0 
-03.0 
-78.0 
-73.0 
-69.0 
-66.0 
-56.0 
-52 .O 
-51 .O 
-50.0 
-40.0 
-37.0 
-33.0 
-28.0 
-18.0 
-16.0 
-13.0 
-16.0 

1 .o 
8.0 
9.0 

12.0 
12.0 
25.0 
29.0 
35.0 
12.0 
45.0 
67.0 
72.0 
72.0 
72.0 
74.0 
86.0 
85.0 
39 .0  

104.0 
105.0 
108.0 
121 .o 
136.0 
156.0 
171 .O 
168.0 

-172.0 
-161 .O 
-106.0 
-22.0 
-16.0 
-17.0 

-106.0 
- 1  10.0 
-52.0 

-106.0 
-72.0 
-12.0 
-59.0 
-63.0 
-58.0 
-58.0 
-43.0 
-46.0 
-46.0 
-41 . o  
-27.0 
-20.0 
-21 .o 
-21  .o  

- 1  .o  
- 1  .o  
0.0 

- 1  .o 
45.0 
46.0 
18.0 
52.0 
32.0 
33.0 
70.0 
47.0 
46.0 
61 .O 
71 .O 
82.0 
80.0 
84.0 
96.0 
95.0 

100.0 
103.0 
111.0 
113.0 
120.0 
138.0 
146.0 
172.0 
174.0 

-177.0 
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FIGURE 2 .  - SERVICE ARC DENSITY (WORLD SCENARIO EXAMPLE). 
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FIGURE 4 .  - DIAGRAM OF PAIRWISE INTERFERENCE G E M T R Y .  

FIGURE 5.  - NASARC PDA ORBITAL REPRESENTATION (NUMBERS ON L I N E  CHART REFER TO GROUPING NURBERS FOUND 
I N  TABLE 3 ) .  
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